Crystal structure of a soluble form of
human monoglyceride lipase in complex
with an inhibitor at 1.35 A resolution
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Abstract: A high-resolution structure of a ligand-bound, soluble form of human monoglyceride
lipase (MGL) is presented. The structure highlights a novel conformation of the regulatory
lid-domain present in the lipase family as well as the binding mode of a pharmaceutically relevant
reversible inhibitor. Analysis of the structure lacking the inhibitor indicates that the closed
conformation can accommodate the native substrate 2-arachidonoyl glycerol. A model is proposed
in which MGL undergoes conformational and electrostatic changes during the catalytic cycle
ultimately resulting in its dissociation from the membrane upon completion of the cycle. In
addition, the study outlines a successful approach to transform membrane associated proteins,
which tend to aggregate upon purification, into a monomeric and soluble form.
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Introduction

While various medical properties of cannabis have been appreciated for millennia by many cultures around
the world, the molecular and pharmacological substrates underlying these effects have only recently been
elucidated. A9-Tetrahydrocannabinol, the main psychoactive substance found in the Cannabis plant was iso-
lated in the early 1960s. Tetrahydrocannabinol activates two distinct G protein-coupled receptors,

Abbreviations: 1,8-ANS, 1-anilinonaphthalene-8-sulfonic acid; CB;, cannabinoid receptor 1; CB,, cannabinoid receptor 2; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MES, 2-(N-morpholino)ethanesulfonic acid; MGL, monoglyceride lipase; PEG
MME 5000, polyethylene glycol monomethyl ether 5 kDa average molecular weight; PIPES, 1,4-piperazinediethanesulfonic acid;
RsbQ, Bacillus subtilis stress-response regulator; TEV, tobacco etch virus; T,,,, melting temperature.
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cannabinoid receptor 1 (CB;) and cannabinoid recep-
tor 2 (CBy).2 CB; is abundant in the central nerv-
ous system,>™® whereas CB, is particularly expressed
in cells of the immune system and in peripheral tis-
sues.>® Analgesic effects of cannabinoids have been
well documented, with accumulating evidence that
cannabinoids can produce antinociception through
central as well as peripheral mechanisms and
involving both CB; and CB,." 13

2-Arachidonoyl glycerol, an arachidonic acid de-
rivative, is one of the two major and most well stud-
ied endogenous ligands for CB; and CB, acting as a
potent agonist of CB; and CBs receptors.!* ¢ 2-
Arachidonoyl glycerol is produced by neurons on
demand and acts near its site of synthesis. The
in vivo effect of 2-arachidonoyl glycerol is local and
transient due to its rapid degradation by intracellu-
lar enzymes. In the brain, the main enzyme respon-
sible for the hydrolysis of 2-arachidonoyl glycerol is
monoglyceride lipase (MGL).1"18

MGL is a membrane associated enzyme but has
also been located in the cytosol.!%2° It is a member
of the o/p-hydrolase family of enzymes®!
thought to be related to microbial haloperoxidases
and lysophospholipases.?? The classical serine hydro-
lase catalytic triad was identified to be Serl22,
Asp239, and His269. MGL also contains the GlyXxx-
SerXxxGly consensus sequence present in most ser-
ine hydrolases.?? The physiological roles of MGL
appear to be tissue specific. In lipid-metabolizing tis-
sues, MGL is thought to catalyze the final step of
the lipolytic cascade that releases fatty acids from
triacylglycerol stores.?® In the central nervous sys-
tem, MGL is the key enzyme modulating endocanna-
binoid signaling via hydrolysis of 2-arachidonoyl
glycerol.

Recently, pharmacologic studies using selective
and potent inhibitors of MGL have indicated that
MGL may be a novel target for the treatment of pain.
The recently published crystal structures of MGL,
both apo and in complex with the covalent inhibitor
SAR629, have revealed the o/f-hydrolase fold of
MGL, 2425

In this report, a new crystal structure of a
mutant MGL in complex with a potent inhibitor is
presented. Two mutations (Leul69Ser and
Leul76Ser) were engineered to increase the solu-
bility of MGL and to allow purification without de-
tergent. An additional lysine to alanine mutation
(Lys36Ala) enabled the generation of high quality
diffracting crystals. The new MGL structure
reveals a hitherto unknown closed conformation of
the regulatory lid-domain, which almost completely
encloses the bound inhibitor. Analysis of the new
conformation offers a model in which MGL under-
goes conformational and electrostatic changes lead-
ing to its dissociation from the membrane during
the catalytic cycle.

and is
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Results and Discussion

Engineering MGL-construct design

At the initiation of the project, the crystal structure
of MGL was unknown and detergent was shown to
be required for the isolation of MGL from natural
sources and purification of recombinant MGL from
baculovirus-infected insect cells.?2® Without deter-
gent the protein is prone to substantial aggregation,
consistent with an enzyme that is associated with
membranes. Based on the hypothesis that hydropho-
bic residues in MGL's regulatory lid-domain are
likely to be involved in membrane association and in
promoting aggregation, a strategy was employed to
identify and mutate likely residues responsible for
these effects. Sequence alignment and homology
modeling were used to identify the boundaries of
the lid-domain and potentially surface exposed
residues.

A library of constructs was designed to increase
the hydrophilicity of the MGL surface without
altering the hydrolase fold and the function of
MGL. Based on the homology model, five leucines
(Leul67, Leul69, Leul71l, Leul74, and Leul76)
were identified to be part of the lid-domain and
selected for mutation. The residues were replaced
by serine or glutamine either independently or in
pairs (Table I). In addition, five lysine residues
were identified at the surface of the MGL homology
model and were mutated to alanine. Mutations of
surface lysine residues, the side chains of which
have high entropy, have been
reported to stabilize crystal contacts, promote crys-
tallization and improve crystal quality.2®*° The sur-
face mutations were introduced into the MGL dou-
ble lid-domain mutant construct (hMGL 1-303
Leul69Ser, Leul76Ser) for which crystallization
leads had been obtained. Surface mutations were
either introduced independently or in combination
with other surface mutations (Table I). N-terminal
and C-terminal truncation constructs were also
designed (Table I) to eliminate potential flexible
terminal amino acids that may be energetically
unfavorable for crystal packing. The N-terminus
was truncated at residue 9, 19, 26, and 33. The C-
terminus was truncated at 297 and 292. The N-and
C-terminal truncations were introduced independ-
ently or combined with other truncations and were
introduced into the mutant MGL (hMGL 1-303
Leul69Ser, Leul76Ser) construct (Table I). All con-
structs, including wild-type MGL, were engineered
with an N-terminal histidine tag followed by a TEV
protease cleavage site. A total of 26 mutant MGL
clones were generated by mixing and matching the

conformational

lid-domain mutations, surface mutations, and trun-
cations (Table I). All constructs were made in bacu-
lovirus and expressed in Sf9 cells as described
under Material and Methods.

PROTEIN SCIENCE ‘ VOL 20:670-683 671



Table I. Monoglyceride Lipase Constructs Generated
and Purification Yields* in mg/L

Yield mg/L

Lid-domain mutations
1-303 Leul69Ser, Leul76Ser 4.5
1-303 Leul67GIn 2.3
1-303 Leul71GIn 0.7
1-303 Leul74GIn 0
1-303 Leul67GIn, Leul71GIn 5
1-303 Leul67GIn, Leul74GIn 7
1-303 Leul71GIn, Leul74GIn 1.5
1-303 Leul67GIn, Leul71GlIn, 0

Leul74GIn

Lid-domain mutations + truncations
1-297 Leul69Ser, Leul76Ser 2
1-292 Leul69Ser, Leul76Ser 0.5
9-303 Leul69Ser, Leul76Ser 2
9-297 Leul69Ser, Leul76Ser 1
19-303 Leul69Ser, Leul76Ser 0
19-297 Leul69Ser, Leul76Ser 0
19-292 Leul69Ser, Leul76Ser 0
26-303 Leul69Ser, Leul76Ser 0
26-297 Leul69Ser, Leul76Ser 0
26-292 Leul69Ser, Leul76Ser 0
33-303 Leul69Ser, Leul76Ser 0
33-297 Leul69Ser, Leul76Ser 0
33-292 Leul69Ser, Leul76Ser 0

Lid-domain mutations + Surface

mutations

1-303 Leul69Ser, Leul76Ser, Lys36Ala 3.6
1-303 Leul69Ser, Leul76Ser, Lys160Ala 0.7
1-303 Leul69Ser, Leul76Ser, Lys165Ala 0.5
1-303 Leul69Ser, Leul76Ser, Lys226Ala 2.3
1-303 Leul69Ser, Leul76Ser, 1.5

Lys36Ala, Lys236Ala

* Purification yields are from one single experiment.

Characterization of engineered MGL-protein
aggregation

Purification of wild-type MGL (hMGL 1-303)
required detergent. A pilot purification of wild-type
MGL performed in the absence of detergent gener-
ated no protein (data not shown). A second purifica-
tion of wild-type MGL was done with Bugbuster®
lysis buffer, a proprietary lysis buffer containing de-
tergent (Invitrogen). After lysis, the purification pro-
tocol and buffers were the same as described for mu-
tant MGL in Experimental Procedures. An average
2.2 mg of wild-type MGL per liter of cell culture was
obtained. Further analysis by size exclusion showed
that this protein was aggregated [Fig. 1(A)]. Con-
trary to our experiences, two recent independent
reports published after this work was initiated dem-
onstrated successful production of a soluble wild-
type human MGL that did not require detergent
during purification and was not aggregated.2+2>31
The protein produced was the 313 aminoacids MGL
isoform (GenBank AAH06230) versus the 303 ami-
noacid isoform (GenBank CAC43316) described in
this manuscript. Production of the soluble wild-type
long isoform of MGL was achieved in Escherichia
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coli BL21 and Rosetta strain while expression in the
baculovirus expression system produced only insolu-
ble, aggregated protein as described above. It is con-
ceivable that expression of MGL in the baculovirus
expression system produces a slightly different pro-
tein that is more prone to aggregation than when
expressed in E. coli.
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Figure 1. Size exclusion profiles and circular dichroism. A:
Size exclusion elution profiles for wild-type MGL 1-303, red
dotted line, and mutant MGL (hMGL 1-303 Leu169Ser,
Leu176Ser), black solid line, purified in the absence of
detergent showing 100% aggregation and 90% monomer,
respectively. B: Circular dichroism structural analysis of
wild-type MGL 1-303, red line, and mutant MGL (hMGL 1-
303 Leu169Ser, Leu176Ser), black line. (i) Far UV scans
from 200 to 260 nm. (i) Temperature melts from 25 to 80C
monitored at 210 nm.

Crystal Structure of Monoglyceride Lipase



Table II. Kinetic Constants

/\)?\O/E:Hoio

4-Methylumbelliferyl butyrate

Construct Ky (M) Feat (min™h) Fea/Ky (WM™ min~1)
wild-type 1-303 162 68 0.42
Lid-domain mutants
1-303 Leul69Ser, Leul76Ser 136 48 0.35
9-393 Leul69Ser, Leul76Ser 88 27 0.31
9-297 Leul69Ser, Leul76Ser 126 26 0.21
1-303 Leul71GIn 105 51 0.48
1-303 Leul67GIn, Leul71GIn 84 59 0.71
1-303 Leul67GIn, Leul74GIn 84 70 0.83
1-303 Leul71GlIn, Leul74GIn 89 47 0.52
Lid-domain + Surface mutants
1-303 Leul69Ser, Leul76Ser, Lys36Ala 124 51 0.41
1-303 Leul69Ser, Leul76Ser, Lys160Ala 90 30 0.33
1-303 Leul69Ser, Leul76Ser, Lys165Ala 137 27 0.2
1-303 Leul69Ser, Leul76Ser, Lys226Ala 110 38 0.35
1-303 Leul69Ser, Leul76Ser, Lys36Ala, Lys226Ala 123 30 0.25
CCCl a0
NNF 0 0”0
umbelliferyl arachidonate
wild-type 1-303 * * 0.09
mutant 1-303, Leul69Ser, Leul76Ser * * 0.1

Kinetic constants of the various MGL constructs using 4-methylumbelliferyl butyrate or umbelliferyl arachidonate as sub-
strates. Values for the 4-methylumbelliferyl butyrate substrate are the average of 2 or 4 separate assays. k../Kym values for
the umbelliferyl arachidonate substrate are the average values for the hydrolysis of five different substrate concentrations

at [S] < K.

(*)The solubility limit of the umbelliferyl arachidonate substrate did not allow for the determination of Ky; and % ;.

The engineered mutant constructs were purified
in the absence of detergent under the protocol
described in Experimental Procedures. Purification
yields are shown in Table I and are the result of one
experiment. Constructs containing the lid-domain
mutation, generated between 0.7 and 4.5 mg/L,
except mutant MGL containing the Leul74Gln
mutation and mutant MGL containing the triple
mutation Leul67GIn, Leul71Gln, Leul74Gln, which
upon purification did not yield any protein (Table I).
Analysis by size exclusion chromatography showed
mainly monomeric protein [Fig. 1(A)], indicating
that the mutations significantly improved protein
solubility. Constructs truncated at residues 19, 26,
or 33 generated no protein. Construct with C-termi-
nal truncations generated between 0.5 and 2 mg of
soluble protein per liter of cell culture. Constructs
with a combination of lid-domain and surface muta-
tions generated between 0.5 and 3.6 mg/L and
showed very low aggregation as well.

Characterization of engineered MGL-circular
dichroism

Since preliminary crystals had been obtained with
TEV protease cleaved mutant MGL (hMGL 1-303
Leul69Ser, Leul76Ser), this construct was selected
for further characterization by circular dichroism to
ensure that the mutations introduced did not
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adversely affect protein conformation. The circular
dichroism scans for the wild-type MGL and the TEV
protease cleaved mutant MGL (hMGL 1-303
Leul69Ser, Leul76Ser) were similar, indicating that
the two enzymes held a similar fold [Fig. 1(B)].

Characterization of engineered MGL-kinetic
analysis

The catalytic activity of several MGL mutants was
assayed, using two different substrates, and found to
be comparable to wild-type MGL. A small fluorescent
substrate, 4-methylumbelliferyl butyrate, was used
to compare the activity of the engineered mutants to
the activity of wild-type MGL. The catalytic effi-
ciency (k../Ky) for the hydrolysis of the 4-methylum-
belliferyl butyrate was similar for wild-type MGL
and all MGL mutants tested (Table II). A larger
more aliphatic substrate — umbelliferyl arachidonate
with a structure more closely related to the MGL
natural substrate, 2-arachidonoyl glycerol—was used
to compare the activity of wild-type MGL to TEV pro-
tease cleaved mutant MGL (hMGL 1-303 Leul69Ser,
Leul76Ser). The catalytic efficiency for the hydroly-
sis of the umbelliferyl arachidonate substrate was
found equivalent between wild-type MGL and the
TEV protease cleaved mutant MGL (hMGL 1-303
Leul69Ser, Leul76Ser), confirming that the

PROTEIN SCIENCE ‘ VOL 20:670-683 673
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Figure 2. Thermal shift assay. Thermal shift data showing

melting transitions for wild-type MGL 1-303 (green line) and
mutant MGL (hMGL 1-303 Leu169Ser, Leu176Ser), red line.

mutations introduced did not affect the catalytic ac-
tivity of MGL (Table II).

Characterization of engineered MGL-thermal
shift assay

A thermal denaturation assay, ThermoFluor®3%32
was used to characterize the wild-type and mutated
MGL constructs. The thermal shift assay detects
small changes in the intrinsic melting temperature
of proteins based on binding of ligands. The tech-
nique monitors changes in the fluorescent intensity
of dyes such as 1l-anilinonaphthalene-8-sulfonic acid
(1,8-ANS). Fluorescence of the dye is quenched in
aqueous environments but increases upon binding to
the hydrophobic core revealed upon denaturation of
proteins.

Wild-type MGL exhibited very poor melting
characteristics, typical for aggregated or unfolded
proteins (Fig. 2). While the midpoint of the melting
transition (T,) was calculated to be 58°C for wild-
type MGL, the increased initial fluorescence indi-
cates a highly aggregated protein and the minute
transition results in a high level of inaccuracy for
the calculated T',. In contrast the calculated 7', for
the mutant MGL hMGL 1-303 Leul69Ser,
Leul76Ser) was consistently measured to ~56.7°C,
and the lower baseline and steeper transition sug-
gest a more stable and cooperatively folded protein,
with better properties for high throughput screening
and crystallization experiments.

Crystallization of MGL. All mutants were pre-
pared as described under Experimental Procedure
and subjected to crystallization trials. Purity greater
than 95% as determined by SDS-PAGE was achieved
for all proteins. Crystals generated of all apo pro-
teins diffracted only between 8.0 A and 9.0 A, de-
spite extensive optimization efforts. Co-crystalliza-
tion with methyl arachidonyl fluorophosphonate, an
irreversible active-site inhibitor of MGL and serine

674  PROTEINSCIENCE.ORG

hydrolases in general, did not significantly improve
diffraction.

Co-crystallization of TEV protease cleaved
mutant MGL (hMGL 1-303 Leul69Ser, Leul76Ser,
Lys36Ala) with a medium affinity ~1 pM ligand
(data not shown) generated crystals that diffracted
to 2.3 A but with diffused scattering along one axis.
Further optimization experiments did not improve
diffraction quality. High quality diffracting crystals
were obtained by co-crystallization of TEV protease
cleaved mutant MGL (hMGL 1-303 Leul69Ser,
Leul76Ser, Lys36Ala) with a ligand (Compound 1)
that was 10-fold more potent (Fig. 3 inset). Selected
crystals diffracted to 1.3 A and allowed the collection
of a high quality dataset, which was processed to
1.35 A,

Overall structure of MGL. MGL is part of the
subfamily of lipid hydrolases, which in turn is part
of a larger family of o/B-hydrolases with diverse cat-
alytic functions. Members of this superfamily
include: ester hydrolases, lipid hydrolases, thioester
hydrolases, peptide hydrolases, haloperoxidases,
dehalogenases, epoxide hydrolases, and C—C bond
breaking enzymes.?* All these enzymes share a com-
mon folding motif called the o/f-hydrolase fold.?>®
This fold is characterized by eight B-sheets flanked
on both sides by a-helices. B-sheet 2 is antiparallel
to the other sheets and the first and last canonical
helix (al, or oA and o6, or oF) are located on one
side of the sheets, whereas the remainder of the hel-
ices are present on the opposite side. The o/B-hydro-
lase fold tolerates a wide variety of inserts without
losing the core folding motif. These inserts serve to
modify and regulate the catalytic activity of the re-
spective proteins. They can occur in several loca-
tions, but are mostly located in a loop region
between strand 6 and helix o6.

Here, we describe the X-ray structure of the in-
hibitor-bound form of human MGL. This structure is
determined with use of molecular replacement to a
resolution of 1.35 A (Fig. 3). The structure of MGL
conforms very closely to the canonical o/B-hydrolase
fold and is characterized by eight B-sheets, which
form a partial B-barrel adorned on both sides with
eight a-helices. MGL contains two additional helices
[04 (aD}) and o5 (aDy)], which are part of the “lid”
sub-domain (residues 151-225) and are inserted in
the protein sequence between sheet p6 and helix o6
(aD). Helices al (a¢A) and a8 (oF) are located on the
concave side of the barrel and helices a2 (aB), a3
(aC), a6(aD), and a7(aE) are on the convex side.
Both “lid”-helices are oriented in front of the mole-
cule perpendicular to the plane of the B-barrel.

MGL binding pocket. Compound 1 (Fig. 3) is

bound in an extended and closed binding pocket,
which is located between helices a4, a6, o7, and o5

Crystal Structure of Monoglyceride Lipase



Figure 3. Overview of structure. Ribbon representation of the MGL structure. Color-coding is according to secondary
structure (a-helices: magenta, B-sheets: yellow). The ligand (Compound 1) is drawn in ball-and-stick representation (green
carbons). The protein adopts a typical o/p hydrolase fold>' comprised of 8 B-sheets, with p2 being antiparallel to the other
sheets and six canonical a-helices [o1 or oA, a2(aB), a3(aC), a6(aD), a7(aE), a8(aF)] and two additional a-helices comprising
the lid sub-domain [oz4(<xD'1), oc5(uD'2)]. The inhibitor is located in the active-site, which is capped by loops connecting helices

ad-a6. Inset: Structure of Compound 1.

[Fig. 4(A)]. Even though the solvent accessible sur-
face area of the compound (712 A?) is fairly large, it
is almost completely enclosed by the protein. The
protein accomplishes this by employing a so-called
“lid,” “cap,” or “flap” -domain, which regulates access
to the binding site based on the membrane-bound
state of the protein. The lid-domain is comprised of
residues 151-225 from helices a4—06 (also referred
to as oD) and oD, throughout the literature). The
catalytic triad of MGL, consisting of residues
Ser122, Asp239, and His269, is located in the center
of the binding pocket. The catalytic nucleophile
Ser122 resides on a tight turn between strand 5
and helix o3, which is also commonly referred to as
the “nucleophilic elbow.” The structurally conserved
network of hydrogen-bond donors, which comprises
the nucleophilic elbow and the loop connecting ol
and B3 (Gly50, Ala51, Met123, and Gly124) is called
the oxyanion hole and serves to stabilize the anionic
transition state of the catalytic reaction. The amide
carbonyl of Compound 1 points into the oxyanion
hole and forms a critical hydrogen bond with the
backbone amide nitrogen of Metl123 adjacent to the
catalytic serine. The azetidine-piperazine-pyrimidine
part of the ligand projects into a narrow amphiphilic
pocket and fills the available space almost com-
pletely [Fig. 4(B)]. This portion of the ligand does
not participate in hydrogen bond interactions with
the protein, but one of the pyrimidine nitrogens
forms a hydrogen bond to a water-network involving
two buried water molecules and the side-chains of

Schalk-Hihi et al.

residues Glub53, Arg57, and His272. A face-to-face n-
stacking interaction of the pyrimidine ring with
Tyr194 provides further interaction energy.

The binding pocket close to the benzoxazole-
cyclohexane part of the ligand is less occluded than
its counterpart. The benzoxazole portion of the
ligand is located in a hydrophobic environment con-
stituted mainly from side chains of aliphatic resi-
dues. The cyclohexane portion projects into a more
spacious void. Along with the benzoxazole, the cyclo-
hexane portion is the only part of the inhibitor that
is accessible by solvent in the protein bound state
[Fig. 5(B), left panel]. These parts of the ligand form
mostly van der Waals interactions with the protein.
The cyclohexane part of the molecule is less well or-
dered and shows elevated average B-factors (22 A?)
than the remainder of the ligand (9 A?). Concomi-
tantly, a region of the lid-domain (04 and part of the
loop connecting to o5; residues 151-179) with which
the inhibitor interacts displays significantly higher
average temperature factors (23 Az, based on Ca) as
compared to the rest of the protein (12 A?) as well.
The elevated temperature factors signify the inher-
ent flexibility of this region, which probably facili-
tates its displacement from the surface of the pro-
tein during ligand binding and release.

To address the question whether the closed form
of MGL can accommodate the substrate 2-arachido-
noyl glycerol, we performed a docking study using
Glide from Schrodinger, Inc. The docking model of
MGL in the closed form shows that the protein can

PROTEIN SCIENCE ‘ VOL 20:670-683 675



Figure 4. The active-site of MGL. A: Stereo view of a close-up of the MGL active-site. The azetidine amide carbonyl of
Compound 1 forms a critical salt bridge with the backbone amide nitrogen of Met123, in addition a n-n stacking interaction
with Tyr194 and a water-mediated hydrogen bonding network (magenta lines) with Arg57 and Tyr194 is evident. The inhibitor
(green carbons) extends deeply into the active-site and is almost completely buried by the lid-domain, which has been
partially omitted from display for clarity. The electron density 2f,-f, map surrounding Compound 1 (blue) is contoured at 1.0 ¢
and has been limited in its display to 1.5 A from the nearest atom of Compound 1. Residues of the catalytic triad are
depicted in yellow carbons. B: Close-up view of Compound 1 in a cut-away surface depiction of the binding site. The surface
was generated using the program “Hollow” (http://hollow.sourceforge.net), by filling the voids of the binding site with waters
ona0.2A grid and casting a surface around the waters. Waters found in the active-site are depicted as red spheres. C:
Docking model of 2-arachidonoyl glycerol into the closed form of MGL. The surface of the binding site cavity was created

using the cavity detection algorithm implemented in PyMOL.

accommodate 2-arachidonoyl glycerol completely
[Fig. 4(C)]. The substrate, which is folded onto itself,
is completely buried in the active-site and displays
the proper orientation for catalysis.

Enabling mutations and electrostatic potential. One
of the two mutations in the lid-domain that helped
increase solubility, Leul169Ser, is located at the C-ter-
minal end of helix a4 (otD’l). The other mutation that
helped prevent aggregation, Leul76Ser, is located on
a loop connecting o4 to o5 [Fig. 5(A)]. The lid-domain
in the engineered protein still contains quite a few
surface exposed aliphatic residues, but the two muta-
tions are as demonstrated sufficient to change the in-
herent lipophilic character of the protein enough to
prevent aggregation and transform the protein into a
more soluble form. Interestingly, a comparison of the
experimentally determined structure of the mutant
MGL and a wild-type model constructed by replacing
the mutated amino acids with the native amino acids,

676  PROTEINSCIENCE.ORG

reveals that the enabling mutations do not appear to
have a discernable effect on the electrostatic surface
of the protein [Fig. 5(B), left and middle].

The Lys36Ala surface mutation, inspired by a
series of reports indicating that the replacement of
flexible residues on the surface of proteins helps to
promote crystallization,® is present on a loop con-
necting sheets B2 and B3. This loop interacts with
the lid-domain of a neighboring symmetry-related
molecule between Vall70 and Prol72. Analysis of
this packing interaction reveals that a limited num-
ber of conformations of the lysine would have fit
snuggly into this packing interface, so the reason
that Lys36Ala promotes crystallization via preven-
tion of clashes is not obvious. We hypothesize that
the mutation is nevertheless beneficial, because
this particular part of the lid-domain exhibits rela-
tively high temperature factors and is less well or-
dered than other parts of the molecule. It is con-
ceivable that this high dynamic mobility would

Crystal Structure of Monoglyceride Lipase
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Figure 5. Enabling mutations and electrostatics. A: Location of the enabling mutations. Leu169Ser and Leu176Ser are
located in the lid sub-domain (magenta) and prevent protein aggregation. Lys36Ala is located on the loop between 2 and B4
and would make interactions with a symmetry mate if present in the wild-type protein. B. Electrostatic potential of MGL
contoured at =5 KT (red, negative potential; blue, positive potential). Orientation of the protein is identical to the one in panel
A. MGL’s lid-domain in the closed conformation (B, left) shows a somewhat reduced hydrophobic character as compared to
the apo form of MGL (PDB ID 3JHU) in the open conformation (B, right). The reduced hydrophobic character and the
presence of the acidic patch on the right side of the molecule could point to a potential mechanism for dissociation from the
membrane during catalysis. Remarkably, replacement of the enabling mutations with wild-type residues (B, middle) does not
appear to have a discernable effect on the electrostatic potential of the protein.

cause the lid to clash with Lys36 in certain por-
tions of the conformational pool. The Lys36Ala
mutation would eliminate this potential for clashes
and may thus contribute to the successful crystalli-
zation of the molecule and improved diffraction
quality of the crystals.

Comparison to other MGL structures. Recently,
three other crystal structures of MGL in both apo
and liganded form were reported by two different
laboratories.?*?® In both cases, the structure was
solved in the space group 1222 with two molecules
per asymmetric unit. Superposition (based on back-
bone Ca positions) of the previously published MGL
structures with the one in this report reveals that
the majority of the Co atoms can be superimposed
with very little difference [Fig. 6(A)l. However, a
subset of the lid-domain (151-225) namely residues
in the range of 151-173 display large variations. A
more detailed comparison against the apo structure
(PDB ID 3HJU)?* reveals that the lid-domain under-
goes a substantial rearrangement upon ligand bind-
ing [Fig. 6(B,C)]. The transition from the open apo-
form to the closed ligand bound form can be best
described as a rolling motion of a-helix 4 over the
active site opening resulting in an almost 180° coun-
ter-clockwise rotation (viewed from C to N-termi-
nus). During the process of the transition o-helix 4
(residues 158-170 in the open conformation) also
incorporates residues 153-157 at its N-terminus.
The end effect of this inward coiling action is that
the entrance to the active-site is substantially more
occluded, almost completely burying the compound
inside the protein. The small opening at the side of
the active-site, which has been proposed to be the
exit for the cleaved glycerol moiety,?*2° is also com-
pletely closed by this structural rearrangement.
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This report represents the second structure of
MGL in complex with a ligand. In the previously
reported structure,?* in one copy of the dimer present
in the asymmetric unit a single molecule of the in-
hibitor SAR629 is covalently bound to the terminal
oxygen of the catalytic Ser122, whereas in another
copy two inhibitor molecules are detected. One inhib-
itor in the aforementioned covalently bound confor-
mation and another one stacked on top of the cova-
lent inhibitor. The authors deem the additionally
bound inhibitor to be an artifact due to the high con-
centrations of compound present in the experiment.
The protein itself is on the open conformation in con-
trast to the closed structure in this report, which has
implications for the shape and expanse of the bind-
ing site. Compound 1 spans the whole active site and
is confined on the right by the closed off cavity [Figs.
4(B) and 7], leaving little room for optimization of
the inhibitor. On the left side, a-helix 4 in the closed
conformation, walls off the active site at the cyclo-
hexyl moiety. In contrast SAR629 is located mainly
at the “left” part of the binding cavity (Fig. 7), with
both fluoro-phenyl groups being partially solvent
exposed due to the open conformation of the protein.
An essential interaction for Compound 1 is the
hydrogen bond of its amide carbonyl with the back-
bone of Met123. The carbamate carbonyl of SAR629
is located very close to the amide carbonyl of Com-
pound 1, but points into a different direction and
interacts with the backbone of Ala51 and Met123
simultaneously. Aside from this similarity both com-
pounds share very little interaction space. Closer
analysis of the superposition of both protein-inhibitor
complexes reveals that SAR629 would be unable to
bind in the closed conformation since both the piper-
azine and the upper left fluoro-phenyl group would
clash with the protein, whereas Compound 1 would
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Figure 6. Flexible region in MGL and ligand binding induced conformational changes. A: Variability of structural elements in
MGL as defined by the average distance of Ca positions across all published MGL structures. Average distances of
superimposed and matching Ca-atoms are mapped onto a “putty” cartoon representation of MGL. The average distances are
color coded from blue (lowest average distance) to red (highest average distance) and represent values from 0.086 Ato 45
A. The same values are also encoded in the radius of the cartoon. B: Overlay of the mutant MGL (cyan) in complex with
Compound 1 and apo MGL (dark yellow, PDB ID 3HJU, chain A). The superposition is almost identical for large parts of the
molecule, except for a region surrounding a-helix 4 with its connecting loops and the loop linking a-helix 5 and a-helix 6. The
arrow indicates the approximate viewpoint assumed in panel C. C: Panel illustrating the rearrangement of a-helix 4. The
movement of a-helix 4 from the open to the closed position is characterized by a concomitant rolling motion over the active
site opening and an almost 180° counter-clockwise rotation (viewed from C to N-terminus). The movements are indicated by
colored arrows, corresponding residues in both structures representing the start and endpoint of the transition are indicated
as well. Less pronounced changes are observed in the flanking loop regions during the transition. a-Helix 5, which is also part
of the lid-domain, displays only a modest amount of movement.

most likely be able to bind in the open conformation
with minor adjustments (data not shown).

The binding site itself changes from the open to
the closed conformation, especially the loop region
from residues 174 to 182, which connects o-helix 4 to
o-helix 5, moves “upwards” and closer to Compound
1 (Fig. 7), therefore narrowing the active site tunnel.
Flanking loop regions also show variations, notably
leucines 184 and 241 are shifted and present in dif-

ferent rotamers, substantially changing the shape of
the binding pocket. Catalytically relevant residues
(Ser122, Asp239, His269) and flanking helices (05
and o6) on the other hand superimpose very well.
Aside from the obvious structural differences
between the apo and ligand-bound forms of MGL,
differences in the electrostatic potential between
these two forms can also be observed [Fig. 5(B)]. The
hydrophobic character of the lid-domain in the

Figure 7. Comparison of ligand binding mode between non-covalent and covalent inhibitor. Stereo depiction of the
differences in binding mode between the non-covalent reversible inhibitor Compound 1 and the covalent inhibitor SAR629%*
bound to MGL. Selected regions of both proteins in the foreground and a-helix 4 were omitted for clarity reasons. Compound
1 (teal colored carbons) spans the entire active site cavity of MGL (cyan), whereas SAR629 (orange carbons), which is
covalently bound to the hydroxyl group of Ser122, solely occupies the “left” section of the binding cavity (yellow). Selected
residues are depicted in ball-and-stick representations and were labeled to highlight the differences in the sidechain
orientation during the transition from the closed (Compound 1) to the open conformation (SAR629).
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closed, complexed conformation is somewhat reduced
as compared to the open apo conformation. Further-
more, an acidic patch, associated with the region
surrounding Met88 (G79, H80, R87, M88, C201,
M123, F209) in the closed conformation, is trans-
formed into a more basic character during the tran-
sition from the closed to the open conformation.

Due to a lack of biological data with respect to
the functional significance of o-helix 4, the implica-
tions of these transitions are not completely under-
stood. Nevertheless, it is reasonable to postulate that
in the open conformation of MGL the hydrophobic
character of a-helix 4, together with the basic patch,
serves to position the protein close to the negatively
charged membrane to allow the diffusion of a sub-
strate molecule into the wide open active-site funnel.
Upon substrate binding, o-helix 4 would close over
the bound substrate, catalysis would commence, and
MGL could potentially dissociate from the membrane
due to charge-charge repulsion of the acidic patch
with the membrane. After dissociation, the enzyme
would once again assume the open position, release
the formed products, and reassociate with the mem-
brane. The physiological reasons behind this pro-
posed detachment from the membrane during the ca-
talysis cycle are not known up to this point.

Conclusion

Directed mutagenesis was employed to engineer a
soluble, monomeric, and crystallizable form of the
membrane-associated lipase MGL. The crystal struc-
ture of MGL in complex with a reversible and phar-
macologically relevant ligand has been solved to 1.35
A. This ligand bound MGL is presented in a novel
conformation. The structure displays the typical o/p
hydrolase fold, but in contrast to previously solved
structures of MGL, the structure reported here dis-
plays a ligand-induced closed conformation of the reg-
ulatory important lid-domain or cap-domain. The o-
helix 4 of the lid-domain folds over the bound ligand
and almost completely buries it within the active-site.
Analysis of the electrostatic properties of the mutated
protein against its wild-type counterpart reveals that
the mutations (Lys36Ala, Leul69Ser, and Leul76Ser)
do not significantly alter the electrostatic potential of
the molecule. However, the transition from the open
to the closed state of the protein induces a change in
the electrostatic potential of MGL, which we hypothe-
size could lead to detachment of the protein from the
lipid membrane during the catalytic cycle.

Two mutations (Leul69Ser and Leul76Ser) in o-
helix-4, which is part of the lid-domain of MGL,
increase the solubility enough to allow for the purifi-
cation of monomeric protein in the absence of deter-
gent. Interestingly, the lid-domain in the engineered
protein still contains a significant portion of hydro-
phobic surface residues, but the mutations are able to
modify the hydrophobic character of the protein
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enough to prevent aggregation in solution. The muta-
tions also vastly improve the melting characteristics
of the protein to the extent that the engineered pro-
tein was used successfully in a thermal shift based
screening campaign. An additional lysine to alanine
mutation at residue 36 enables the generation of crys-
tals, which after co-crystallization with a high-affinity
ligand, diffract to 1.30 A, consistent with other reports
of using lysine mutations to promote crystalliza-
tion.2%-3%3¢ In addition to providing insight into differ-
ent conformations of MGL, this structure also offers
guidance for efforts to develop inhibitors of MGL with
desirable antinociceptive or other properties.

Material and Methods

Molecular modeling

A BLAST sequence search®’ of the human MGL pro-
tein sequence reveals that human MGL has very lit-
tle sequence homology with other mammalian li-
pases but shows a distant relationship to esterases,
lysophospholipases, and haloperoxidases.?? Up until
recently, the closest relative to MGL found in a
search of sequences of structures deposited in the
Protein Data Bank (PDB)®® is RsbQ, a stress-
response regulator in Bacillus subtilis.*® RsbQ dis-
plays the highest sequence identity (16%) and small-
est insertions and deletions relative to MGL of any
structure available in the PDB. A lid or cap-domain
composed of four helices is located at the surface of
RsbQ surrounding a channel leading to the active-
site. The MGL sequence (residues 158-188), which
aligns with the lid-domain of RsbQ (residues 137—
188) is amphipathic. Sixteen out of the thirty one
residues are hydrophobic, seven of which are leu-
cines. Fifteen of the residues are hydrophilic, four of
which are electropositive lysines and arginines.

A homology model of MGL has been created
using RsbQ (PDB ID 1WOM)?® as a template and the
“quick refine” option in GeneMine.***! The model
shows a o/p hydrolase domain and a lid-domain. As
predicted by sequence alignment, the amphiphatic
region of MGL (161-185) forms a helix similar to the
lid-domain of RsbQ. We postulate that the high num-
ber of hydrophobic residues in this surface exposed
helix defines a region that is involved in association
of MGL with the membrane. The lysine and arginine
residues presumably could interact with the electro-
negative phospholipid heads.

Cloning

The ¢cDNA for human MGL was cloned from a
human brain ¢cDNA library and used as a template
to generate a PCR fragment of MGL corresponding
to amino acids 1-303 (5 primer gagaatttggtatttt-
caaggtatgccagaggaaagttecece; 3’ primer tggatgtg-
tatgtttctatcagggtggggacgaagttcc). The PCR product
was purified (GENECLEAN SPIN kits, Qbiogene),
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treated with T4 polymerase (New England Biolabs),
ligated into the modified pENTR.11cLIC vector and
transformed into TOP10 one shot competent cells
(Invitrogen). After sequence confirmation, the muta-
tions were added by Quickchange mutagenesis,
(Stratagene). The sequence-confirmed plasmid was
purified for transfection into insect cells using the
BaculoDirect Baculovirus Expression System (Invi-
trogen). The viral stock was propagated for two
more amplifications at a low multiplicity of infection
(MOI) to render a P2 virus stock.

Recombinant production of MGL

Large-scale expression was carried out in 2-liter
shake flasks or WAVE bioreactors. The P2 virus was
expanded to generate a high-titer P3 stock by infect-
ing Sf9 cells in suspension at a MOI of 0.3 and har-
vesting the virus after 72 h. Cell paste for MGL was
obtained by infecting Sf9 cells at a density of 1.5 x
108 cells/mL with a MOI of 1. Infected cultures were
maintained at 27°C under constant shaking at
140 rpm. Cells were harvested 65-72 h post-infec-
tion by centrifugation at 1000g-force for 10 min at
4°C. Cell viability was determined by Guava Via-
Count or Trypan Blue and routinely was between 60
and 80% at time of harvest. Cell pellets were washed
once in phosphate-buffered saline with broad-range
protease inhibitors and stored at —80°C.

Purification

The AKTA Xpress System (GE Healthcare) was used
for all purification processes. All operations were
carried out at 4°C.

Purification of mutant MGL

Frozen cell pellets were thawed and resuspended in
buffer A [560 mM HEPES buffer pH 7.5, 400 mM
NaCl, 5% glycerol, 0.056% BME, 1x Complete EDTA-
free protease inhibitor cocktail tablets (Roche)l,
dounce homogenized, and mechanically lysed with a
microfluidizer processor (Microfluidics). The extract
was clarified by centrifugation at 40,000g-force for
1 h. The cleared lysate was loaded on a 1 mL His-Trap
FF Crude column (GE-Healthcare) or a 5 mL His-
Trap column for large-scale purifications at 4°C. The
column was washed with 10-15 column volumes of
buffer A containing 30 mM imidazole and MGL was
eluted with 5 column volume of buffer A containing
400 mM imidazole. The elution peak was directly
loaded on a Superdex 200 HR 16/60 column pre-equi-
librated with 50 mM HEPES pH 7.5 buffer containing
200 mM NaCl, 2% glycerol, 2 mM dithiothreitol,
2 mM EDTA. Fractions were analyzed by SDS-PAGE.
Fractions containing MGL were pooled. Expression
yields were determined by Bradford assay using the
protein assay kit from BioRad according to manufac-
turers’ instruction with BSA as a standard.*?
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Purification of wild-type MGL

Frozen cell pellets for MGL wild-type were thawed,
resuspended, and lysed in Bugbuster® lysis buffer
(Invitrogen) for 1 h at 4°C. The extract was clarified
by centrifugation at 40,000g-force for 1 h and the puri-
fication was carried following the protocol used for the
mutant MGL, without further addition of detergent.

Tag cleavage

A total of 0.2 units of TEV Protease for each pg of
MGL were added to the MGL pool to remove the his-
tidine tag. The reaction was performed overnight at
4°C. Cleavage of the histidine tag was monitored by
SDS-PAGE.

Circular dichroism

Circular dichroism experiments were performed on a
circular dichroism spectrometer model 202 from Aviv
Instruments Inc. The circular dichroism scans of
wild-type MGL and mutant MGL (hMGL 1-303
Leul69Ser, Leul76Ser) (5 pM in 10 mM cacodylic
acid, pH 7.0, and 140 mM NaCl) were measured
from 200 to 260 nm. Temperature melts were moni-
tored at 210 nm. The circular dichroism spectra
were converted to molar ellipticity.

Kinetic analysis

The Michaelis-Menten parameters for the hydrolysis
of 4-methylumbelliferyl butyrate (Sigma 19362) and
umbelliferyl arachidonate (Sigma U0383) were deter-
mined using 4-5 nM of MGL in 20 mM PIPES, pH
7.0, and 150 mM NaCl at 37°C. The change in fluo-
rescence due to substrate hydrolysis was monitored
using excitation/emission wavelengths of 335/440 nm
in a Safire I instrument from Tecan. The hyperbolic
rates versus substrate concentration curves for the
hydrolysis of 4-methylumbelliferyl butyrate were fit
to the Michaelis-Menten equation using Excel.

Vmax [S]

m + [S)

The solubility limit of the umbelliferyl arachido-
nate substrate did not allow for the determination of
Ky and keyi. The keay/Ky for the hydrolysis of umbel-
liferyl arachidonate was determined at [S] < Ky
The Ky for umbelliferyl arachidonate was deter-
mined to be >30 pM. The k../Kn values reported
are the average from independent values determined
from five substrate concentrations ranging from 40
to 700 nM.

Thermal stability

Three microliters of protein at a concentration of
0.05 mg/mL in 50 mM PIPES pH 7.0, 200 mM NacCl,
100 pM 1,8-ANS, and 0.001% Tween 20 were added
in 384-well plates. Wells were overlaid with silicone
oil (1 pL, Fluka, type DC 200) to prevent evaporation.
Assay plates were heated at a rate of 1°C /min for all
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Table III. Datacollection and Refinement Statistics

MGL complex with 1

Data collection .
Wavelength (A) 1.0
Resolution (A)? 1.35 (1.45-1.35)

Space group €222,
Unit cell parameters A) a =94.94, b = 128.14,
¢ = 60.60
No. of reflections 327,079
No. of unique reflections 74,919
Redundancy 4.1(2.1)
Completeness (%) 93.2 (80.2)
Runerge (%) 6.2 (35.9)
I/o(D) 13.6 (3.3)
Refinement
Molecules per ASUP 1
Resolution (A) 30.4 - 1.35
No. of reflections® 71,433
No. of reflections in Ry.ee set 1794
Total No. of non H atoms 2727
No. of protein atoms 2334
No. of ligand atoms 33
No. of solvent molecules 360
R-factor (%) 114
Rfree (%) 14.6
R.M.S. Deviation from ideal geometry
Bonds (A) 0.014
Angles (°) 1.435
B-factors (A?)
Protein 17.6
Ligand 13.6
Ramachandran Plot
Preferred Regions (%) 97.7
Allowed regions (%) 2.3
Disallowed regions (%) 0

2 Values for the highest resolution shell are given in
parenthesis.

b ASU, asymmetric unit.

¢ After conversion of I-obs to F-obs and rejections of F' < 0.
The X-ray structure of monoglyceride lipase has been de-
posited into the Protein Data Bank. The ID number is
3PE6.

experiments over a temperature range sufficient to
measure protein unfolding. Fluorescence was meas-
ured by continuous illumination with UV light
(Hamamatsu LC6) supplied via fiber optic and filtered
through a custom band-pass filter (380-400 nm; >6
OD cutoff). Fluorescence emission was detected by
measuring light intensity using a CCD camera
(Sensys, Roper Scientific) filtered to detect emission
at 500 = 25 nm, resulting in simultaneous and inde-
pendent readings of all 384 wells. One or more images
were collected at each temperature, and the sum of
the pixel intensity in a given area of the assay plate
was recorded versus temperature, and integrated to
calculate the melting temperatures.

Crystallization

TEV protease cleaved mutant MGL construct
(hMGL 1-303, Leul69Ser, Leul76Ser, Lys36Ala) at
1 mg/mL in 50 mM HEPES, pH 7.5, 200 mM NaCl,
2% glycerol, 2 mM EDTA, 2 mM dithiothreitol, was
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mixed with 2 fold excess of Compound 1, incubated
overnight at 4°C and concentrated to 5.7 mg/mL.

Initial crystals were obtained by incubating 0.6
uL of complexed protein in a 1:1 ratio with well solu-
tion (18.4% PEG MME 5000, 50 mM Na-citrate pH
4.5, 0.2% glucopyranoside) in a proprietary 1536 plate
modified to accommodate vapor-diffusion experiments
and equilibrated at room temperature against 60 pL
well solution. These crystals were used as a seed
stock for the standard crystallization experiments.
Under standard conditions, 1 uL of protein is mixed
with 0.2 pL seed stock and 0.5 pL of 8-12%
PEGMME 5000, 100 mM Na-MES pH 6.0, 0.2% glu-
copyranoside and equilibrated against 1 mL reservoir
of 6-10% PEGMME 5000, 100 mM Na-MES pH 6.0,
0.2% glucopyranoside in a hanging drop vapor diffu-
sion experiment at room temperature.

Structure determination and refinement
Crystals were harvested, transferred to 16%
PEGMME 5000, 100 mM Na-MES pH 6.0, 25% glyc-
erol and flash frozen in liquid nitrogen. A complete
initial dataset was collected on a Rigaku MOO7HF
generator at 100°K, data was processed in the
HKL2000 suite?® or d¥trek.** All attempts to solve
the structure via heavy atom soaks were unsuccess-
ful due to the introduction of high nonisomorphism
during the procedure; therefore a molecular replace-
ment approach was pursued. Due to the low
sequence similarity between MGL and other lipases,
multiple search models were identified via a PSI-
BLAST*® search against the PDB repository. The
search models were prepared in CHAINSAW*® by ei-
ther truncating each residue to Co atoms or truncat-
ing nonidentical residues to Cy atoms. An automated
procedure using PHASER*” as the molecular
replacement engine yielded a good solution with a
single molecule of “Non-haem bromoperoxidase BPO-
A1” (PDB ID 1A8Q) as search model. The initial
rebuilding was performed using the default protocol
in the AutoBuild Wizard in PHENIX,*®*° refinement
and automated water picking was carried out in
PHENIX refine; Coot®® was employed for model
building, ligand placement and manual assignment
of water molecules. Ligand restraints were gener-
ated in PHENIX elbow.*®

The high resolution dataset was collected at the
IMCA ID-17 beamline at the APS, processed with
HKL2000 and structure refined in PHENIX.refine.
Datacollection and refinement statistics are sum-
marized in Table III. The final model was validated
using tools implemented in Coot; all crystallographic
figures were generated in PyMOL®.5!

Electrostatic calculations

For electrostatic calculations solvent, ligands, hydro-
gen atoms, and alternate conformations were
removed from the structure. The protein was
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charged at pH 7 using the procedure implemented
in PDB2PQR v.1.5.°2 Electrostatic potential was cal-
culated at 7" = 298 K and 150 mM single charged
ionic strength as implemented in APBS v.1.2.1.%3
For visualization the potential at the solvent accessi-
ble surface was mapped onto the molecular protein
surface as implemented in PyMOL.
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